Introduction
Acoustic transmissions are investigated for use in the wireless transmission of digital communications signals and power supply for in vivo biomedical devices. The acoustic transmissions are intended to be used for fixed implanted biomedical devices, such as pacemakers, but more importantly, neural implants were wired and wireless radio frequency communications cannot be used. The acoustic transmissions can be used for both wireless communications and to recharge the device, in vivo, using conventional piezoelectric power harvesting techniques. Current research in biomedical engineering is looking at implantable devices to regulate conditions such as Parkinson's and other neuromuscular conditions (Varadan, 2007) . Transient devices, such as those used in the gastrointestinal track, make use of high frequency RF, were the permittivity of the human body begins to decrease (Kim et al., 2007) . However, significant power is still required. This results in local tissue heating, due to the absorption of the electromagnetic radiation. This heating has side effects that limit the exposure times for safe practices (Gabriel, 1996a; b; . For neural implants, were the goal is to have the product implanted for long periods of time, without complications and minimal side effects, radio frequency communications cannot currently be used. Acoustic transmissions represent an ideal low power method of communicating with in vivo biomedical devices, and for recharging them through the use of piezoelectric based power harvesting. Acoustic transmissions have previously been demonstrated as a means of communicating through elastic solids, with applications to NDT and structural health monitoring (Wild & Hinckley, 2010) . In this work, results presented show the general performance of the acoustic communications channel and sample digital communications signals, through a biological specimen, in vivo. The frequency response, transfer function, and transient response (at resonance) of the communications channel were measured. Due to the frequency response of the communications channel, phase shift keying has the best signal performance. To show this, the three basic digital encoding methods were tested. Successful communication was achieved through the communications channel using all three methods. The results support the hypothesis that phase shift keying would be the best encoding method to utilise, particularly in terms of signal robustness.
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The term piezoelectric means electricity from pressure. So as a force, either in the form of a pressure or a stress (both measured in force per unit area), is applied to the transducer, an electric signal is generated. Specifically, a charge dipole is generated within the crystal structure of the material, which when used inside of a capacitor, results in the generation of a voltage drop across the transducer. In linear elastic solids, the strain (S) and stress (T) are related by the elastic stiffness (c). In the same material, the electric displacement (D) is related to the electric field (E) by the permittivity (ε r ) of the material. These equations are referred to as the constitutive equations. In a piezoelectric linear elastic material, the constitutive equations are coupled. Hence, a change in stress or strain corresponds to a change in the charge distribution within the material. The constitutive equations for a piezoelectric material are,
where h is the piezoelectric coupling coefficient. Fig. 1(a) shows the crystal lattice structure of lead zirconate titanate (PZT), a peizoceramic material. As a force is applied to the crystal, the lattice is strained, and a charge dipole is produced, similar to that seen in Fig. 1(b) . Fig. 1 . Principle behind the use of a piezoelectric material, both before (a) and after (b) strain.
Digital communications
Due to the properties of the communications channel, only digital encoding methods have been investigated. The primary benefit of digital encoding is improved fidelity. The three basic digital encoding methods used include amplitude shift keying, frequency shift keying, and phase shift keying. For the purpose of concept demonstration, only binary keying methods were utilized.
Amplitude shift keying.
In amplitude shift keying, the digital information is encoded onto the analogue carrier as a time varying signal of the amplitude. The simplest form of amplitude shift keying is on-off keying, where a '1' is represented by the amplitude function being maximum (on), and a '0' is represented by the amplitude function being zero (off). The on-off keying signal will have the form,
where f c is the carrier frequency, and, 00 () 1.
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On-off keying is decoded by using a rectifier and a low-pass filter that has a cut-off frequency above the data rate, but below the carrier frequency. This removes the carrier wave component (cos (2πf c t) ) and recovers the amplitude function which is the digital signal (A(t)). Fig. 2 shows the decoding process for an amplitude shift keying signal. Fig. 2 (a) shows the data to be transmitted defined by (3); Fig. 2 (b) shows the on-off keying signal defined by (2). The received signal is then rectified and low-pass filtered, to remove the carrier frequency, shown in Fig. 2 (c). This also results in some distortion of the information signal due to the removal of higher harmonics. Hence, the signal is passed through a comparator to recover the digital information as shown in Fig. 2 (d) . Fig. 2 . Decoding an amplitude shift keying signal, a) the digital data to be transmitted, b) the on-off keying signal, c) the rectified low-pass filtered signal, d) digital information recovered after a comparator.
Frequency shift keying.
In frequency shift keying the digital information is encoded onto the analogue carrier as a time varying signal of the frequency. In binary frequency shift keying, two frequencies are used; one frequency represents a digital '1' and the second represents a digital '0'. 
The two signals are each multiplied with a synchronous sinusoid, one with frequency f 1 , the other with frequency f 2 . This shifts the signal to zero and 2f n . A low pass filter is used to remove the 2f n component from each signal. The two filtered signals are then compared to each other to recover the digital information.
In Fig. 3 we see the stages involved in the decoding of a frequency shift keying signal. The data transmitted, Fig. 3 (a), is encoded as two separate frequencies in the signal, defined by (4). The received signal is then split into two identical signals, each mixed with a sinusoid at one of the two frequencies, shown in Fig. 3 (c) . Here one of the data bits has no offset, while the second bit has an offset. When filtered, the lack of an offset will result in a zero, while an offset will give a one. The recovered signal after the filter and comparator is shown in Fig. 3 (d).
Phase shift keying.
In phase shift keying, the digital information is encoded onto the analogue carrier as a time varying signal of the phase. Decoding phase shift keying uses some simple mathematics to retrieve the phase information. The phase shift keying signal, 
is multiplied by a synchronous sine and cosine, giving,
and,
( ) cos(2 ( )) cos (2 ) [cos cos 4 ( ) ]. 
Then by taking the arc-tangent of I on Q, the time dependent phase information is recovered, ( ) () () a r c t a n ()
arctan tan ( ( )) () . . Decoding a phase shift keying signal, a) the digital data to be transmitted, b) the phase shift keying signal, c) the in-phase and quadrature components, d) digital information recovered after filtering and taking the arc-tangent.
Power harvesting
For the power harvesting, the piezoelectric receiver is modelled as a current source, i P , in parallel with a capacitor, C P . The source current can be written as (Ottman, et al., 2002) ,
where I P is the peak current, also referred to as the short circuit current, and ω is the angular frequency of the alternating current signal. The open circuit voltage, V OC , can then be defined in terms of the short circuit current and the reactance of the capacitor (X C ) (Guan & Liao, 2004) , that is,
To harvest power, the piezoelectric element needs to be connected across a load. In the case of the alternating current analysis, this is simply a load resistance. There is a 90 degree phase shift between the current flowing through the load resistor (R) and the current flowing through the capacitor. The total power can be expressed as the geometric sum of the power stored in the capacitor, and the power dissipated through the resistor. That is, 
Since the circuit is an alternating current current divider, the short circuit current can be expressed as, 22 . 
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The peak power will then occur when the current flow through the capacitor and the resistor is equal. That is, the load resistance is equal to the capacitor's reactance,
The resistor current at peak power is then,
The voltage at peak power is then,
We can also express the voltage out as a function of the resistance. From (15) we see that, 22 ,
The capacitor current is also a function of the voltage, so with a little algebra we see (Ottman, et al., 2002) ,
The power as a function of the load resistance can then be expressed as,
. 1
4. Method
Acoustic channel configuration
The acoustic transmissions channel is shown in Fig. 5 . The setup consists of a PZT transducer as the transmitter, coupled to one side of the forearm using acoustic coupling gel, and a second transducer on the opposite side as a receiver. The ultrasonic signals were generated by an arbitrary waveform generator, an Agilent 33120A. The received signals were recorded on a digital storage oscilloscope, an Agilent 54600A. The piezoelectric transducers used were Steiner and Martins SMQA PZTs, and were unbacked. They had a thickness of 2.1 millimetres, corresponding to a resonant frequency of 1 megahertz, and a radius of 10 millimetres.
Acoustic communications
Testing the communications involved looking at a number of different quantities. 
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• the transient response, • the digital encoding method, and, • the data rate. First, the transfer function of the communications channel was measured. The waveform generator was set to give a continuous sine wave at the resonant frequency of the PZT transducers, 1 megahertz. The amplitude was then varied from 1 volt to 10 volts. Values were recorded at 1 volt increments. This process was repeated several times to give an average and statistical uncertainty. Next, the frequency responses of the communications channel were determined. The function generator was set to give a continuous sine wave at maximum voltage, 10 Volts peak. The frequency was then varied from 10 kilohertz to 1 megahertz. Values were recorded every 10 kilohertz. Finally, the transient response of the communications channel was investigated, using a low rate sine wave burst at 1 megahertz with 100 cycles. The trailing signal was also examined to determine if it would have any adverse effects on the performance of the communications channel. The communications signals were generated on the arbitrary waveform generator. Amplitude shift keying (specifically on-off keying) signals were generated using the burst function of the arbitrary waveform generator. A 1 megahertz sine wave carrier was used with a data rate of 40 kilobits per second. The waveform generator used had a built-in frequency shift keying function. This was used to generate the signals, with frequencies of 440 kilohertz and 880 kilohertz at a data rate of 14.5 kilobits per second. The phase shift keying signals were generated in the Waveform Editor software for the arbitrary waveform generator. The signals were then downloaded to the device via the computer interface. The generated waveform consisted of a sine wave carrier, with a data rate of 1/100 the carrier frequency (the software does not generate time so the frequency is set and varied on the generator, and hence a ratio is used for reference). Hence, for the carrier wave frequency of 1 megahertz, the data rate was 10 kilobits per second. All of the communications signals were recorded on the digital oscilloscope, and downloaded to a personal computer. The demodulation of the signals was then implemented in Matlab TM (The Mathwork Inc). The filter used was a raised cosine filter (Proakis & Salehi, 1994) .
Acoustic power transmission
For the preliminary acoustic power harvesting, the alternating current performance was analysed. In the alternating current circuit experiments, first the capacitance of the piezoelectric element was measured using a capacitance meter. After calculating the reactance at the resonant frequency, the output of the piezoelectric receiver was applied to a variety of suitable load resistors. The voltage drop across the load resistor was measured using a 1 megaohm digital storage oscilloscope. To compare the experimental results to the theoretical analysis, the alternating current circuit was also simulated in PSpice (Cadance Design Systems). The value of I P was obtained using (13), with the measured values of C P and V OC . A parametric analysis was performed, varying the value of the load resistance in a frequency domain analysis. The load value was swept from 10 ohms to the value of the digital storage oscilloscope, 1 megaohm, at 10 points per decade. For the practical experiments, a decade resistance box was included, in parallel with the digital storage oscilloscope, as the load resistor. Fig. 6 shows the modified experimental setup for the acoustic power harvesting, and the circuit used in the simulations. Fig. 7 shows the transfer function of the acoustic-communications channel at 1 megahertz. The relationship between the input signal strength and the output signal strength is linear, with a correlation coefficient of 1. The noise (and hence, error bars) in the curve is due to small movements in the transmission medium.
Results

Transfer function
Frequency response
The frequency response of the acoustic-communications channel is shown in Fig. 8 . As expected, a strong peak in the frequency spectrum occurs at the resonant frequency of the piezoelectric transducers, that is, 1 megahertz. A secondary peak is noticeable at 100 kilohertz. Fig. 9 shows the transient response of the acoustic-communications channel for several cycles at 1 megahertz. The received tone burst is relatively compact, with a short transient period, and only a small amount of signal in the tail. Fig. 10 shows the transient response with enough cycles to achieve steady-state. The rise time is then given by approximately 25 cycles, at 1 megahertz, giving 25 microseconds. Fig. 11 shows the transmitted amplitude shift keying signal. Ringing is noticeable as the signal is switched off. Fig. 12 shows the received amplitude shift keying signal. A rectifier and a low pass filter above the data rate, but below the carrier frequency, will recover the envelope, and the use of a comparator with a suitable compare level will enable the digital information to be recovered. This step is not shown, as it simply recovers the four bits that corresponds exactly to the transmitted information. Fig. 11 . The transmitted amplitude shift keying/on-off keying signal. 13 shows the received frequency shift keying signal. A clear difference between the two frequency components can be seen. As expected, the 880 kilohertz signal has a larger amplitude, as a result of the improved channel response over the 440 kilohertz. Fig. 14 shows the signals after the frequency mixing and filtering. From here, there are four separate sections.
Transient response
Communications signals
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The first starts with the 880 kilohertz signal on top. From here, the signals cross over as expected, enabling the original digital information to be recovered by comparing the two signals to each other. An interesting point occurs around a quarter of the way in, where the two components nearly cross over again, which could result in a bit error. Hence, it is safe to assume that the data rate is almost at a maximum with frequency shift keying. . The decoded phase shift keying signal is then shown in Fig. 16 . The original digital information can be recovered by selecting a digital 1 as a phase less than 0 degrees, and a digital 0 as a phase greater than 0 degrees. Note that the transmitted phase shift keying signal is not shown, as no information is visible on the time scale of the entire signal.
Power transmission
The capacitance of the piezoelectric receiver was measured to be 1.086 nanofrads. At the resonant frequency of 1.035 megahertz, this gives a reactance of 141 ohms. With an open circuit voltage of 570 millivolts, (13) gives a short circuit current of 4 milliamps. These values where then used in the PSpice simulation of the alternating current circuit. 
Discussion
Another important advantage of acoustic communications is security. With implantable cardioverter-defibrillators utilising wireless radiofrequency communications, the security of the signal needs to be considered. A commercially avilable implantable cardioverterdefibrillator was easily attacked in a recent study (Halperin, et al., 2008) . As a contact wireless communications method, acoustic transmissions are inherently secure, in that someone needs to touch you to be able to communicate with the in vivo biomedical device. From here, an encryption method could be utilised for communications if necessary. Halperin et al. suggest that encryption is expensive in the power budget. However, the use of acoustic power harvesting means that the power required for encryption would not be an issue.
Transmissions channel
As expected, the transfer function is linear. Some randomness is noticeable in the signal, hence the uncertainty. It is worth noting that a similar uncertainty would be expected on all other results. The experiments were performed with the arm as immobile as possible. A significant variation was noticed when the arm/hand was allowed to articulate. When deliberately trying to alter the output voltage, the peak value varied from around 140 millivolts to 280 millivolts, a factor of 2. This fluctuation may be an issue, in particular if amplitude shift keying is used as the encoding method. This is one of the reasons that phase shift keying would be a more robust encoding method for the communications signals.
The frequency response shows a strong primary resonance at the through thickness resonance of the transducer, 1 megahertz, and a secondary resonance at 100 kilohertz, corresponding to the radial resonance of the transducer. Overall, the frequency response of the transmissions channel suggests that frequency shift keying would not be suitable. However, there is a small resonance at 440 kilohertz, and another tertiary resonance at 880 kilohertz. Hence, these two frequencies were ideal to test frequency shift keying. The transient response of the transmission channel is relatively neat. The compact form of the tone burst only has a minor tail effect, elongating the signal in time. One of the main reasons for this is due to the composite nature of the communications channel. The various materials which the body is made up of all have different acoustic velocities. The result of this is that the various paths travelled by the ultrasound in the medium will result in significant temporal dispersion, and then interference.
Acoustic communications
The result of the amplitude shift keying communications signal tests suggests that relatively high data rates could be achieved for the sort of information that needs to be transmitted. The amplitude shift keying signal is limited primarily by the transient response of the transmissions channel. That is, with a transient response time of 25 micro seconds, a data rate of 40 kilobits per second is possible when using a 1 megahertz carrier frequency. By utilising a transducer with a high resonant frequency, and a larger bandwidth, the achievable data rate could be significantly increased. However, amplitude shift keying has a limited effectiveness, particularly as the coupling efficiency varies with movement of the transmission medium (the forearm). The frequency shift keying results suggest that the data rate may not be able to be improved much further. This is illustrated by the relative closeness of the two mixed signals in Fig. 14 , approximately a quarter of the way through. The most likely cause of this is the frequency response. Since the 880 kilohertz signal is close to the resonant frequency of 1 megahertz, this could lead to a stronger amplitude in the 880 kilohertz signal, which is seen as the consistently higher signal strength of the corresponding mixed and filtered signal (Fig. 14 , red trace). The resultant "steady state" frequency will also be affected by the resonant frequency of the transducer, which will be given as a combination of the driving frequency, and the resonant frequency. This explains the drift shown in Fig. 14 , where the curves both steadily increase. The recovered phase information, from the phase shift keying signal, suggests that a relatively high data rate is possible. The phase transitions indicate that a data rate up to that of the amplitude shift keying signal (40 kilobits per second) could be used. However, unlike the amplitude shift keying signal, the phase shift keying has robustness relative to the amplitude variation in the received signal. The phase transitions are not as quick as those shown in previous work (Wild & Hinckley, 2010) , when communicating through an aluminium panel, but as previously mentioned, the data rate is relatively high for the intended application. The primary advantage of a high communications rate would be to reduce the effect of fluctuations due to motion of the communications medium.
Power harvesting
The preliminary results for the power harvesting are promising. The value of 1 milliwatt was significant compared to values expected. However, in the attempt to implement an alternating-current to direct-current converter circuit, the very high frequency (1 megahertz) appears to be limiting the ability to successfully rectify the output of the transducer. This is www.intechopen.com
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In Vivo Biomedical Devices using Acoustic Transmissions 129 mainly due to the high junction capacitance of the rectifier diodes. In the conversion from alternating-current to direct-current, the capacitance is an important consideration to achieve peak power output (Ottman et al., 2002) . To resolve this issue, transducers with a lower resonant frequency, in the kilohertz range, need to be utilised. Ideally, broadband transducers could be used to quantify the performance of the power conversion as a function of frequency, as (13) indicates that the higher the frequency, the less power that can be generated. In addition to this, the overall output voltage needs to be a larger amplitude. This is required due to the loss associated with the use of the diode rectifier circuit to convert the alternating-current to direct-current, which is required to power the actual biomedical device. This could be achieved in two ways; according to the transfer function the input voltage could be increased. However, it would be more effective if the efficiency of the channel could be improved. This could be achieved by selecting a transducer with a resonant frequency equal to the resonant frequency of the channel, which is related to the thickness of the channel, and the acoustic velocity. Overcoming the two limitations encountered here with these preliminary results, could yield relatively large power generation. That is, with the successful implementation of an alternating-current to direct-current converter circuit, using a lower frequency, and a more efficient transfer of acoustic energy through the channel, the measured power levels could easily be utilised for the in vivo recharging of a device such as a pacemaker, which have relatively lower power consumptions (Mallela et al., 2004) .
Conclusion
Successful communication was achieved through the communications channel. We also show the result of harvesting acoustic signals to provide power for recharging in vivo biomedical devices. In future work, we will optimise the transducers used to maximise the amplitude of the received acoustic transmissions. This is primarily a concern for the acoustic power harvesting, which will also include the implementation of adaptive direct current to direct current power converters to track the peak power point, to ensure efficient power transfer.
